A simple hydrothermal process is proposed for synthesizing SnO 2 quantum dots (QDs), in which hydrazine hydrate is used as the mineralizer instead of NaOH. X-ray diffraction, high-resolution transmission electron microscopy (HRTEM) and UV-vis diffuse reflectance spectroscopy (DRS) were employed to characterize the product. The HRTEM image shows that the diameters of the SnO 2 nanoparticles fall into a small range of 2.3-3.1 nm, with the majority being less than the exciton Bohr radius of SnO 2 (∼2.7 nm). Analysis of the DRS spectrum showed the band gap of the SnO 2 QDs to be 3.88 eV, exhibiting a 0.28 eV blue shift from that of the bulk SnO 2 (3.6 eV). The mechanism for hydrothermal synthesis of the SnO 2 QDs using hydrazine hydrate as the mineralizer is discussed.
Introduction
Quantum dots (QDs) are semiconducting inorganic nanocrystallites with critical dimensions smaller than or comparable to the exciton Bohr radius of the material, in which carriers or excitons are confined in all three dimensions to a nanometresized region [1, 2] . Consequently, discrete electronic states, unusual structural transformations, unique optical properties and a blue shift of the band edge transition energy are induced in QDs [3] [4] [5] [6] . Due to the high surface-to-volume ratio, the surface atoms play a large role in the properties of QDs, which usually have fewer adjacent coordinate atoms and can be treated as defects as compared with the bulk atoms. These defects induce additional electronic states in the band gap, which can mix with the intrinsic states to a substantial extent and which may also influence the spacing of the energy levels and the optical properties of QDs. Therefore, QDs exhibit unique properties and have a broad range of applications in optoelectronics, telecommunications, lasers and optical sensors [7] [8] [9] . Lee et al reported that the exciton Bohr radius of tin dioxide (SnO 2 ) is approximately 2.7 nm [10] . Therefore, simple synthesis routes for SnO 2 nanoparticles with a diameter less than or comparable to 2.7 nm are extremely important in materials research.
SnO 2 is an important n-type wide-energy-gap semiconductor (E g = 3.64 eV, 330 K) which has a wide range of applications such as in solid-state gas sensors [11] , transparent conducting electrodes [12] , rechargeable Li batteries [13] and optical electronic devices [14] . During the past decade, SnO 2 nanostructures have been one of the most important oxide nanostructures due to their properties and potential applications [15, 16] . Many processes have been developed to the synthesis of SnO 2 nanostructures, e.g. spray pyrolysis [15] , hydrothermal methods [16] [17] [18] , evaporating tin grains in air [19] , chemical vapour deposition (CVD) [20] , thermal evaporation of oxide powders [21] , rapid oxidation of elemental tin [22] and a sol-gel method [23] , but SnO 2 QDs have been less well studied. Lee et al reported the synthesis of SnO 2 QDs (1-3 nm) via the hydrolysis of SnCl 2 ·2H 2 O in an ethanol solution [10] . Castillo et al reported the preparation of SnO 2 QDs (2-5 nm) by a sol-gel method [24] . In this paper, we report a simple hydrothermal route for synthesis of uniform, mono-dispersed SnO 2 QDs within a small diameter range (2.3 to 3.1 nm). The trick in the hydrothermal method presented here is the applica- tion of hydrazine hydrate (N 2 H 4 ·H 2 O), which served as both an alkali and the ligand to coordinate with Sn ions to form a complex cluster. Furthermore, the hydrothermal process is desirable for large-scale fabrication of other ultrafine oxide nanoparticles.
Experimental details
All reagents used were of analytical grade without further purification. First, 2.2400 g of SnCl 4 ·5H 2 O (0.0064 mol) and 1.2800 g of hydrazine hydrate (0.0256 mol) were added to 160 ml of deionized water with stirring. N 2 H 4 ·H 2 O immediately reacted with SnCl 4 in the solution to form a slurry-like white precipitate of the hybrid complex between N 2 H 4 and SnCl 4 . After 10 min of stirring the solution was transferred into a Teflon-lined stainless steel autoclave of capacity 200 ml and then sealed. The autoclave was maintained at 150
• C for 24 h and cooled naturally to room temperature. The product was centrifuged, filtered out and rinsed with alcohol and deionized water several times, and then dried at 60
• C for 1 h in air. The x-ray diffraction (XRD) pattern was obtained on a Thermo ARL XTRA x-ray diffractometer with Cu Kα radiation (λ = 1.541 78Å). Transmission electron microscopy (TEM) observation was performed with a JEOL JEM 2010 high-resolution transmission electron microscope (HRTEM) operated at 200 kV. The UV-vis diffuse reflectance spectrum (DRS) was obtained from a Perkin Elmer Lambda 900 UV-vis spectroscopy machine. The precursors were characterized by Fourier transform infrared (FT-IR) spectroscopy on a Perkin Elmer Spectrum One FT-IR machine using the KBr pellets method.
Results and discussion
The XRD pattern of the product is shown in figure 1 . All the peaks can be readily indexed as pure tetragonal SnO 2 with cell parameters a = 4.76Å and c = 3.19Å, which is in good agreement with the values from the standard card (JCPDS no. 77-0452). As shown in figure 1, the relatively broad peaks indicate the small crystallite diameter of the SnO 2 product.
The morphology, particle size and structure of the product were characterized by HRTEM, and typical TEM images are shown in figure 2. Figure 2(a) shows the TEM image and the selected area electron diffraction (SAED) pattern, which reveals that the product is composed of homogeneous ultrafine nanoparticles with a diameter below 3 nm. The SAED 'halo' ring pattern taken from several SnO 2 QDs confirms that the product is well crystallized; the brightest ring corresponds well to the {211} planes of SnO 2 . Figure 2(b) is the HRTEM image of the SnO 2 QDs, which clearly reveals the lattice fringes with a d-spacing of about 0.33 nm, corresponding to {110} planes of SnO 2 (JCPDS no. 77-0452). Additionally, figure 2(b) shows that every SnO 2 QD is structurally of a uniform single crystal nature. More importantly, as shown in figure 2(b) , the diameters of the SnO 2 nanoparticles fall into a small range of 2.3-3.1 nm, with the majority less than the exciton Bohr radius of SnO 2 (2.7 nm). Therefore, the SnO 2 product is called 'SnO 2 quantum dots (QDs)' in this paper.
The quantum confinement effect is expected for ultrafine semiconducting nanoparticles, and the absorption edge will be shifted to a higher energy when the particle size decreases. Here, the band gaps of the SnO 2 QDs are studied by UVvis diffuse reflectance spectroscopy (DRS). Furthermore, the Kubelka-Munk function, F(R) = (1 − R) 2 /2R, is used to determine the band gap by analysing the DRS results. The DRS spectrum and the plot of F(R) versus wavelength are shown in figures 3(a) and (b), respectively. The band gap is defined by extrapolation of the rising part of the plot to the Xaxis (dotted line in figure 3(b) ). As shown in figure 3(b) , the band gap of the SnO 2 QDs is 320 nm (3.88 eV); this exhibits a 0.28 eV blue shift from that of the bulk SnO 2 (3.6 eV). Interestingly, as clearly shown in figure 3(a), several small peaks at around 345 nm (3.6 eV), the band gap of SnO 2 , are observed in the DRS spectrum. This phenomenon is repeatable in our experiments, and we attribute it to discrete energy levels induced by the quantum confinement effect of the SnO 2 QDs.
The most important advantage of this hydrothermal synthesis process is to bring down the diameters of SnO 2 nanoparticle to the sub-3 nm regime, using hydrazine hydrate as the mineralizer instead of NaOH or NH 3 ·H 2 O. To verify this point, comparative experiments using NaOH as the mineralizer were conducted, and SnO 2 QDs were never obtained in these experiments. In traditional hydrothermal processes using NaOH as the mineralizer, the chemical mechanism can normally be expressed as follows:
Prior to the hydrothermal process, Sn(OH) 4 precipitates are formed via reaction (1). Reaction (2) represents the hydrothermal formation of the SnO 2 product during the hydrothermal stage. The size of the Sn(OH) 4 precipitates is important in determining the size of the SnO 2 product. Consequently, in traditional hydrothermal processes it is difficult to synthesize SnO 2 QDs. But when hydrazine hydrate was used as the mineralizer it immediately reacted with SnCl 4 to form a slurry-like white precipitate of the hybrid complex between N 2 H 4 and SnCl 4 . In other words, scissors, wag and twist bands appeared at 1602, 1499 and 1082 cm −1 , respectively. Absorption at 951 cm −1 in figure 4 (b) was often caused by the stretching band ν(N-N) of bridging H 2 N-NH 2 between two metal ions [26] . Figure 4 (a) is a typical FT-IR spectrum of inorganic materials, in which the strong absorption band at around 3402 cm −1 and the narrow band at 1618 cm −1 are due to water molecules of crystallization [27] . The possible chemical mechanism for the hydrothermal formation of the SnO 2 QDs can be expressed as follows: (3) , and at the same time the clusters were agglomerated into the slurry-like white precipitate mentioned above. As represented in reaction (4), the (SnCl 4 ) m (N 2 H 4 ) n clusters underwent dissociation when the solution was heated to 150
• C during the hydrothermal stage. In reaction (5) OH −1 ions were formed via the dissociation of N 2 H 4 into NH 3 and N 2 . Reaction (6) represents the formation of the SnO 2 QDs via the reaction between Sn 4+ and OH − ions formed in reaction (5). Therefore, N 2 H 4 served as both alkali and ligand in this hydrothermal process. Furthermore, we believe that the dissociation of the complex (reaction (4)), the decomposition of N 2 H 4 (reaction (5)) and the formation of the SnO 2 QDs occurred at local regions of the (SnCl 4 ) m (N 2 H 4 ) n complex cluster. Therefore, during the hydrothermal stage the SnO 2 QDs ranging in diameter from 2.3-3.1 nm can be successfully synthesized without the addition of any surfactant or complexing agent. Furthermore, it is reasonable to believe that the hydrothermal method presented here is desirable for large-scale fabrication of other ultrafine oxide nanoparticles.
Conclusions
SnO 2 QDs were successfully synthesized by a simple hydrothermal process, in which hydrazine hydrate was used as a mineralizer instead of NaOH. The diameters of the SnO 2 product fall into a range of 2.3-3.1 nm, with the majority of diameters less than the exciton Bohr radius of SnO 2 (2.7 nm). The band gap of the quantum dots was found to be 3.88 eV, representing a 0.28 eV blue shift from that of the bulk SnO 2 (3.6 eV). Compared with traditional hydrothermal processes using NaOH as the mineralizer, in the process reported here hydrazine hydrate served as both alkali and ligand to coordinate with Sn ions to form the complex clusters. It is reasonable to believe that the hydrothermal method presented here could be used for large-scale fabrication of other ultrafine oxide nanoparticles.
